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Highlights 22 

� Gas-geoindicators indicate an escalation of the hydrothermal P-T Campi Flegrei 23 

� Pressurization causes increase of the CO2 emission at Solfatara (up to 5000 t/d) 24 

� Increasing P-T triggers low magnitude earthquakes within the hydrothermal system 25 

 26 

Abstract 27 

Fluids supplied by stored magma at depth are causal factors of volcanic unrest, as they can cause 28 

pressurization/heating of hydrothermal systems. However, evidences for a link between 29 

hydrothermal pressurization, CO2 emission and volcano seismicity have remained elusive. Here, we 30 

use recent (2010-2020) observations at Campi Flegrei caldera (CFc) to show hydrothermal pressure, 31 

gas emission and seismicity at CFc share common source areas and well-matching temporal 32 

evolutions. We interpret the recent escalation in seismicity and surface gas emissions as caused by 33 

pressure-temperature increase at the top of a vertically elongated (0.3-2 km deep) gas front. Using 34 

mass (steam) balance considerations, we show hydrothermal pressurization is causing energy 35 
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transfer from the fluids to the host rocks, ultimately triggering low magnitude earthquakes within a 36 

seismogenetic volume containing the hydrothermal system. This mechanism is probably common to 37 

other worldwide calderas in similar hydrothermal activity state. 38 

 39 

Keywords 40 

Volcanic unrest, hydrothermal systems, Campi Flegrei, fumarole compositions, CO2 emission, 41 

volcano seismicity 42 

 43 

1. Introduction  44 

The injection, ascent, storage and surface release of deep fluids in the upper crust are widespread 45 

phenomena in nature, and are recurrent drivers of geological catastrophes. Fluid pressure increase in 46 

the upper crust can trigger seismicity reducing the effective normal stress on fault planes (e.g. 47 

(Hubbert and Rubey, 1959; Sibson, 1992; Miller, 2013), and the recurrently observed co-seismic 48 

variations in gas flux and composition (Fischer et al., 2017; Girault et al., 2018; Chiodini et al., 49 

2020) are clear hints for a cause-effect link between fluids and earthquakes. It is also well-50 

established that artificial fluid injection in the subsurface, and the consequent fluid pressure 51 

increase, can lead to seismicity (Ellsworth, 2013; Keranen and Weingarten, 2018). 52 

Volcanoes make no exception, the most notable example being that of Mammoth Mt (California), 53 

when the sudden surface burst (in 1990) of huge amounts of volcanic-hydrothermal CO2 associated 54 

to a seismic crisis killed a large portion of the forest (Farrar et al., 1995; Sorey et al., 1998), and 55 

repeated increases in diffuse CO2 emissions accompanied seismic swarms in the subsequent years 56 

(Lewicki et al., 2014; Hotovec-Ellis et al., 2018; Pfeiffer et al., 2018; Werner et al., 2014).  57 

Volcanoes are especially suitable natural laboratories for investigating fluid flow - pressure - 58 

earthquake associations, because robust and relatively continuous geochemical and geophysical 59 

datasets are available. One aspect that is especially relevant to restless volcanoes is that injected 60 

fluids are generally hot and H2O-rich so that, upon ascent, can interact with, and condense into, 61 

hydrothermal aquifers: the heating and volumetric expansion of the hosting rocks that result from 62 
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condensation of such magmatic steam is a potential additional seismicity driver during volcanic 63 

unrest (Chiodini et al., 2015). 64 

The relations among hydrothermal temperature-pressure, fluid flow and earthquakes are here 65 

investigated at Campi Flegrei (CFc, Fig. 1a), a restless resurgent caldera formed ~ 39 kyrs ago by 66 

the largest caldera-forming eruption in Europe in the last 200 kyrs (Costa et al., 2012). CFc exhibits 67 

(since the 1950s) repeated inflation periods (Orsi et al., 1999; Del Gaudio et al., 2010) and seismic 68 

crises, which have worried the scientific community as much to suggest an eruption is approaching 69 

(Kilburn et al., 2017; Selva et al., 2012). The CFc is undergoing since 2004 a new inflation phase 70 

(total maximum vertical displacement of ~ 0.75 m by the time of writing), associated with frequent 71 

shallow seismicity, part of which interpreted as originating from fluid transfer processes (Bianco et 72 

al., 2004; Saccorotti et al., 2007; Chiodini et al.,   2017a; D'Auria et al., 2011; Giudicepietro et al., 73 

2020). At the same time, large compositional variations are being observed in the fumarolic 74 

effluents (Caliro et al., 2014; Chiodini et al., 2016), and marked flux increases are being registered 75 

in hydrothermal CO2 release from both fumarolic vents (Tamburello et al., 2019) and soil diffuse 76 

degassing structures (Cardellini et al., 2017). The escalating CO2 emissions, and the concomitant 77 

compositional changes in the fumaroles, have been interpreted as signs that magma degassing at 78 

depth may have reached a critical condition in which heating and pressurization of the shallower 79 

CFc hydrothermal system is occurring at accelerating rate (Caliro et al., 2014; Chiodini et al., 2015; 80 

Chiodini et al., 2016). In 2012, the evolution of the monitored geophysical and geochemical 81 

parameters induced the Italian Civil Protection (DPC) to raise the CFc alert level from green (calm) 82 

to yellow (attention).  83 

Here, we characterise the recent pressure-temperature (P-T from here on) evolution in the CFc 84 

hydrothermal system, as inferred from geochemical modelling of fumarolic compositions, and to 85 

explore its temporal link with the rates of deeply derived CO2 emissions and seismicity. To this 86 

aim, our multidisciplinary analysis combines results for the chemical compositions of the CFc 87 

fumaroles with a set of variables relates to the gas emission, and the earthquakes. We exclude from 88 
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our analysis the deformation signals, as their main source area is thought to be deeper than the 89 

hydrothermal system this work is focussed on (3-4 km; Amoruso et al., 2014a; 2014b).  90 

Geochemical data (fumarolic compositions and CO2 fluxes) refer to the hydrothermal sites of 91 

Solfatara and Pisciarelli (Fig. 1). Solfatara, a tuff cone formed about 4 ka ago (Smith et al., 2011), is 92 

the most active degassing zone of the CFc, being site of numerous fumarolic vents and of a 93 

widespread soil diffuse degassing of hydrothermal-volcanic CO2 (Chiodini et al., 2001; Cardellini et 94 

al., 2017; Fig. 1b). The most recent CO2 flux measurements performed over the entire zone identify 95 

a ~ 1 km
2
 wide area diffusively emitting deeply derived CO2 (the so called Solfatara Diffuse 96 

Degassing Structure, Solfatara DDS, Fig. 1b). The typical CO2 flux sustained by the DDS was 97 

1000-2000 t d
-1

 in 2014-2016 period (Cardellini et al., 2017). Significant amounts of CO2 are also 98 

emitted by fumarolic vents, the most active of which are located in the eastern slope of the Solfatara 99 

cone (Pisciarelli vents, CO2 emission up to 600 t d
-1

 in 2019 (Tamburello et al., 2019) and inside the 100 

Solfatara depression (BG and BN vents, CO2 emission up to ~ 300 t d
-1

 in 2013; Aiuppa et al., 101 

2013; Pedone et al., 2014; Fig. 1b).  102 

After a description of the evolution over time of different parameters we attempt at an integrated 103 

analysis aimed at understanding the impact of hydrothermal fluid P-T changes on earthquakes 104 

occurrence and fluid emissions.  105 

 106 

2. Material and methods 107 

2.1. Used databases 108 

The databases used in this work (Supplementary Data File S1) are here briefly described. 109 

2.1.1. Chemical compositions of Solfatara fumaroles.  110 

The main and hottest fumaroles of Solfatara, BG (T=150-165°C) and BN (T 140-150°C) (Fig. 1b), 111 

have been systematically sampled since 1983 and 1995, respectively. The dataset includes the 112 

temperature and chemical compositions (H2O, CO2, Ar, N2, H2, CH4 and CO) of gas samples taken 113 
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and analysed with similar procedures, from 1983 to 2020 (see Caliro et al. (2007) and Cioni and 114 

Corazza (1981) for the sampling and analytical methods). This Solfatara fumarolic fluid database is 115 

unique for the large number of samples (671), for its continuity (~ 35 years of observations) and for 116 

the homogeneity of the sampling and analytical methods used. Different laboratories contributed to 117 

this database: the laboratories of CNR of Pisa that started the work at the beginning of 1980’s; the 118 

laboratory of University of Perugia that analysed the gas samples in the middle 1990’s; and the fluid 119 

geochemistry laboratory of Osservatorio Vesuviano from 1998 to 2020.  120 

 121 

2.1.2. Diffuse CO2 flux from the Solfatara crater target area.  122 

During April 2004 - October 2020, 149 soil CO2 flux campaigns have been performed inside the 123 

Solfatara crater. In total, the dataset consists of 9315 measurements performed with the 124 

accumulation chamber method (Chiodini et al., 1998) over a grid of 63 points whose location 125 

remained unchanged during the period (Fig. 1b). The data are reported in monthly surveillance 126 

reports of Osservatorio Vesuviano for the Civil Defence of Italy 127 

(http://www.ov.ingv.it/ov/it/bollettini/275.html). The results of the first 50 campaigns have already 128 

been published (Granieri et al., 2009), while the remaining are here reported for the first time. For 129 

each campaign, we computed the total CO2 output (FCO2 in t d
-1

) from the target area (Fig. 1b). 130 

The FCO2 and its uncertainty were computed by applying a geostatistical method based on 131 

sequential Gaussian simulation (sGs; Cardellini et al., 2003) to the soil CO2 fluxes of the 149 132 

campaigns. Specifically, we used the sgsim algorithm (GSLIB software library; Deutsch and 133 

Journel, 1998). The CO2 flux has been simulated on a of 4 × 4 grid m starting from variogram 134 

models fitting the experimental variograms of the normal scores of the CO2 flux (for further details 135 

see Cardellini et al., 2003). For each campaign, 200 simulations were realised and the total CO2 136 

release was computed by summing the products of the simulated CO2 flux value at each grid cell by 137 

the cell surface. The mean total CO2 flux and its standard deviation, computed from the 200 138 
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realizations, are taken as FCO2 and its uncertainty for each campaign. As an example, 139 

Supplementary Fig. S1 illustrates the CO2 flux map obtained considering at each location the mean 140 

of the CO2 fluxes measured in the 149 campaigns. The target area to which each FCO2 estimate 141 

refers to (coloured area in Supplementary Fig. S1) was limited to the area within the outermost 142 

measuring points, in order to avoid uncertainties related to extrapolations to un-sampled zones.  143 

 144 

2.1.3. Diffuse CO2 flux from the Solfatara DDS.  145 

This dataset includes the total CO2 output by diffuse degassing at Solfatara (FCO2-DDS) from 1998 146 

to 2016 estimated form soil CO2 flux measurements covering an area of 1.4 km
2 

which includes 147 

Solfatara crater and Pisciarelli areas (Fig. 1b; Cardellini et al., 2017). The soil CO2 fluxes were 148 

measured in 30 surveys using the accumulation chamber method (Chiodini et al., 1998) and the 149 

total CO2 output was estimated applying a geostatistical method based on sGs (for further details 150 

see Cardellini et al., 2017).  151 

 152 

2.1.4. CO2 fluxes from Pisciarelli vents.  153 

This dataset is composed of twenty-one measurements of the CO2 flux from the Pisciarelli vents 154 

performed by different authors during 2012-2019 (Aiuppa et al., 2015; Aiuppa et al., 2013; Pedone 155 

et al., 2014; Queißer et al., 2017; Tamburello et al., 2019). Measurement methods are different and 156 

include: tunable diode laser absorption spectroscopy (Pedone et al., 2014), differential absorption 157 

lidar (Aiuppa et al., 2015), laser remote-sensing spectrometry (LARSS; Queißer et al., 2017), multi-158 

component gas analyzer system (MultiGAS; Aiuppa et al., 2013; Tamburello et al., 2019). The 159 

reader is referred to the original articles for the details on these different techniques.  160 

 161 

2.1.5. Fumarolic tremor at Pisciarelli.  162 
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The fumarolic tremor is a continuous seismic signal recorded in the vicinity of the Pisciarelli 163 

fumaroles, currently the largest of the CFc. To record this signal, a seismic station was installed in 164 

2010 about 8 m away from the main fumarolic vent. The fumarolic tremor, analyzed in previous 165 

studies (Chiodini et al.,  2017b; Giudicepietro et al., 2019; Giudicepietro et al., 2020), is polarized 166 

in the vertical direction and characterized by a spectral peak at around 10 hz. To represent the 167 

temporal evolution of the tremor amplitude, the Real-time Seismic-Amplitude Measurement 168 

(RSAM; Endo and Murray, 1991) was calculated on 30-minute windows of the vertical component 169 

signal, filtered in 5 -15 Hz frequency band.  170 

 171 

2.1.6. Air CO2 concentrations at Pisciarelli.  172 

Since April 2007, an automatic station measures soil temperature, soil CO2 fluxes, and CO2 173 

concentrations in air, at 40 cm height, 20 m downwind of the main Pisciarelli vent (Chiodini et al.,  174 

2017b). The April 2007-October 2020 daily air CO2 concentrations are systematically higher than in 175 

ambient air (1000-5000 ppm vs ~ 400 ppm) due to persistent fumigation from the fumarolic plume.  176 

 177 

2.1.7. Earthquakes  178 

We used the CFc earthquake locations available in the public-access INGV- Osservatorio 179 

Vesuviano database 180 

(http://sismolab.ov.ingv.it/sismo/index.php?PAGE=SISMO/last&area=Flegrei). Hypocentral 181 

locations were obtained using a 1D layered velocity model. The dataset consists of 2026 located 182 

earthquakes with magnitude (Md) ranging between -1.1 and 3.3, representing about 47% of the total 183 

number of CFc earthquakes recorded by the INGV-Osservatorio Vesuviano permanent seismic 184 

network between January 2004 and October 2020. Seismicity is mostly concentrated in the 185 

Solfatara-Pisciarelli area (Fig. 1a) at relatively shallow depth and the magnitude of the events is 186 

generally low with only 16 events with 2.0 ≤ Md ≤3.3. From 2005 to 2012, earthquakes occurred 187 
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mainly in swarms. Since 2012-2013, their occurrence rate has increased over time, both as swarms 188 

and as single events, with single events becoming more frequent in the last 2 years. 189 

 190 

3. Results and Discussion  191 

3.1. Pressure-temperature geoindicators based on fumarole compositions 192 

Since 1984, the Solfatara compositional database was used to derive the T-P conditions of the 193 

feeding system (e.g., Cioni et al., 1984; Chiodini et al., 1996; Caliro et al., 2007; Chiodini et al., 194 

2015; Chiodini et al., 2016). Recently, two different geochemical approaches have lead to 195 

contrasting results and different implications for the current CFc unrest, which has been interpreted 196 

as either driven by pressurization of the CFc system (Chiodini et al., 2015; Chiodini et al., 2017a), 197 

or associated with a general depressurization of the hydrothermal system (Moretti et al., 2017) (Fig. 198 

2). We refer to the two approaches, which stand on different model assumptions, as the no-199 

condensation (Moretti et al., 2017) and vapour-liquid coexistence (Chiodini et al., 2015) models.  200 

 201 

3.1.1. The no-condensation model 202 

Moretti et al. (2017) applied a model originally developed by Chiodini et al., (1996) and then 203 

refined by Chiodini and Marini (1998). The geobarometric and geotermometric relations are 204 

derived considering the formation reactions of H2, CO and CH4 from the main species H2O and 205 

CO2:  206 

 H2O ↔ H2 + 1/2 O2       (1) 207 

 CO2 ↔ CO + 1/2 O2       (2) 208 

 CO2 + 2 H2O ↔ CH4 + 2 O2      (3) 209 

whose equilibrium constants are expressible as: 210 

 log KH2 = log fH2+ 1⁄2log fO2 - log fH2O     (4) 211 

 log KCO = log fCO + 1⁄2log fO2 - log fCO2     (5)  212 
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 log KCH4 = log fCH4 + 2 log fO2 - log fCO2 -2 log fH2O   (6)  213 

where log KH2 = -12707/T + 2.548, log KCO = -14955/T + 5.033 and log KCH4 = - 42007/T + 0.527 214 

(thermodynamic data from Stull et al. (1969)). Suitable combinations of equations 4, 5 and 6 allow 215 

to eliminate the log fO2 variable and to derive the following geothermometric and geobarometric 216 

functions: 217 

T = -2248 / (Log XCO/XCO2 + Log XH2O/XH2 - 2.485)   (7) 218 

Log PH2O = (19.605 - Log (XCO
4
/(XCH4 × XCO2

3
) -17813/T)/2   (8) 219 

where the equimolar ratios of the measured fumarolic molar fractions (Xi) are assumed equal to the 220 

fugacities ratios and PH2O ~ fH2O.  .  221 

Finally considering the Dalton law,  222 

PCO2 = PH2O XCO2 / XH2O        (9) 223 

Ptot ~ PCO2 + PH2O.        (10) 224 

Relevant assumptions of this approach are: (i) the redox conditions are internally fixed within the 225 

H2O-CO2-H2-CO- CH4 gas system, an assumption that implies that CH4 equilibrates at the same T-226 

P conditions as the kinetically faster species H2 and CO (Giggenbach, 1987); (ii) no secondary 227 

processes affect H2O (condensation and/or water addition). Because the contrasting results with the 228 

model of Chiodini et al. (2015) strongly depends on this last assumption, we name the model used 229 

by Moretti et al. (2017) as the no-condensation model.  230 

 231 

3.1.2. The vapor-liquid coexistence model 232 

Caliro et al. (2007) considering the carbon isotopic exchange reaction between CO2 and CH4, 233 

demonstrated that the CH4/CO2 ratio reflects temperatures (360-430°C) much higher than those 234 

returned by the H2/H2O and CO/CO2 ratios (200-250°C). Furthermore, starting from early 2000’s, 235 

macroscopic evidences suggested the occurrence of secondary processes (i.e. steam condensation) 236 

affecting the fumarolic H2O content: (i) the almost continuous increase in the incondensable gas 237 

fraction relative to water (Chiodini et al., 2015); (ii) a systematic increase of the CO/CO2 ratio (an 238 
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indicator of hydrothermal temperature, and condensation is very efficient to heat a hydrothermal 239 

system); (iii) the pervasive circulation of condensates underneath Solfatara crater, and in particular 240 

close to the main fumaroles BG and BN (Bruno et al., 2007; Byrdina et al., 2014; Gresse et al., 241 

2017); (iv) the formation of a strong boiling pools of condensates and repeated episodes of 242 

liquid/mud emission at Pisciarelli (Chiodini et al., 2015).  243 

 In order to avoid the effects of these secondary processes affecting H2O, and in order to exclude 244 

CH4 from the model, Chiodini et al. (2015) derived T-P functions from equations 4 and 5 based on 245 

equimolar ratios between incondensable gases (H2, CO, CO2). The derivation of the 246 

geothermometric and geobarometric function was possible considering (i) fH2O fixed by the vapour-247 

liquid coexistence and (ii) fO2 as a function of the temperature. Redox conditions of Solfatara gases 248 

were assumed to be controlled by a typical redox buffer for hydrothermal system (DP buffer; 249 

D'Amore and Panichi, 1980) , log fO2 = 8.20 - 23643/T). According to Chiodini and Marini (1998), 250 

an alternative fO2-T function applicable to Solfatara fumarolic gases is the ‘Campanian Volcanoes’ 251 

buffer (CV, log fO2 = 7.75 - 23169/T). The correspondent geothermometric relations are: 252 

T = 3133.5 / (0.933- Log XCO/XCO2)      (11) 253 

valid for redox conditions controlled by the DP relation, and 254 

T = 3370.5 / (1.158- Log XCO/XCO2)      (12) 255 

when considering the CV redox buffer.  256 

The geobarometric functions are: 257 

Log PH2O = 5.510 - 2048/T        (13) 258 

where the water pressure is assumed equal to water fugacity of saturated vapor (i.e. vapor-liquid 259 

coexistence for pure water (Giggenbach, 1980)),  260 

Log PCO2 = 3.025 + 201/T -Log XH2/XCO     (14)  261 

derived by a linear combination of equations 4 and 5, and  262 

Ptot ~ PCO2 + PH2O.        (15) 263 
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Use of either the DP or the CV fO2-T relation results into different P-T estimations. In agreement 264 

with Chiodini et al. (2015), we use the DP option (equation 11) that, for the post 2010 period 265 

considered in this work (see Fig. 6), outputs T values from 218°C to 267°C and P from 27 to 60 bar; 266 

while the alternative equation 12 (CV buffer) returns higher T and P values (238°C - 287°C, 37 bar 267 

- 78 bar). We stress, however, that these systematic differences do not affect the results and 268 

considerations of our work that is based on the relative variation of the normalised T-P values that 269 

are practically the same for both the DP and CV estimations. 270 

We will refer to this model as the vapour-liquid coexistence model. 271 

 272 

3.1.3. Temperature-Pressure estimations 273 

The T-P estimates, derived by the two models for the entire Solfatara fumaroles’ database, are 274 

contrasted in the chronograms of Fig. 2.  275 

Even tough, any model can not be considered completely reliable because it is necessarily based on 276 

some a-priori assumptions, the no-condensation model is certainly not reliable because the total 277 

estimated pressures (Ptot = PH2O + PCO2) for the post-2015 samples are impossible as systematically 278 

below atmospheric pressure (<1 bar, Fig. 2b).  279 

The reliability of the vapour-liquid coexistence model is tested below by comparing the inferred P-280 

T conditions with different independent fluid flow related variables, and with the earthquake 281 

occurrence at CFc.  282 

 283 

3.2. Fluid flow related (FFR) variables  284 

Figures 3a, b ,c, d and e are chronograms of the available FFR variables that we take as proxies for 285 

the CO2 degassing regime of the Solfatara-Pisciarelli area. In particular the CO2 flux (FCO2, Fig. 286 

3a) from the Solfatara target area (see Fig. 1b) and the total CO2 flux from the entire Solfatara DDS 287 

(FCO2-DDS, Fig. 3b; Cardellini et al., 2017) are representative of the diffuse emission. Numerous 288 
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FCO2 data (149) are available for the entire observation period (2004-2020) while FCO2-DDS 289 

measurements are less frequent (Cardellini et al., 2017) and not available since 2017.  290 

The CO2 flux from Pisciarelli vents (Fig. 3c; Tamburello et al., 2019), the fumarolic tremor at 291 

Pisciarelli (RSAM, Fig. 3d) and the CO2 concentrations in air at Pisciarelli (air CO2, Fig. 3e) are 292 

taken as proxies of the vent emission in the area. Although not direct flux measurements, RSAM 293 

and air CO2 are almost continuously acquired, and their temporal fluctuations have previously been 294 

shown to scale with the intensity of hydrothermal activity at Pisciarelli (Fig. 4; Chiodini et al.,  295 

2017b; Giudicepietro et al., 2019; Giudicepietro et al., 2020).  296 

 297 

3.3. 2004-2020 earthquakes occurrence at CFc 298 

We refer here to the earthquakes occurred at CFc from 2004 to October 2020 (Fig. 1a) whose 299 

locations and magnitudes are available in public databases of the Osservatorio Vesuviano 300 

(http://www.ov.ingv.it/ov/it/banche-dati.html; see Material and Methods). It is worth to note that 301 

the events concentrate underneath the Solfatara-Pisciarelli (Fig. 1a) and are in general of low 302 

magnitude (maximum magnitude = 3.3) and of relatively shallow depths (Fig. 5a). The earthquakes’ 303 

occurrence rate manifestly increases since 2017-2018 (Fig. 5b). Note that Fig. 5b reports events 304 

with magnitude ≥ 0.1, for which the catalogue is reasonably complete in the observation period. The 305 

absence of deep events at CFc (i.e. depth >3-4 km) likely reflects the high temperatures expected at 306 

depth, and a very shallow brittle-ductile transition (3-5 km; Castaldo et al., 2019).  307 

 308 

3.4. Comparison of the different datasets 309 

A multivariate time-series analysis is attempted to compare the different observations. To this aim, 310 

we compute the annual mean (annual number for the earthquakes) of each variable (red points in 311 

Figs. 2, 3 and 5), focussing on the 2010-2020 period, for which most of the variables are available. 312 

The approach based on the analysis of the annual values has the advantage of filtering out any 313 

seasonally controlled variations. The multivariate analysis is not applied to the FCO2-DDS (Fig. 314 
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3b) and to the CO2 flux from Pisciarelli vents (Fig. 3c) because these measurements are sporadic 315 

and not available for the entire period. In detail, a Principal Component Analysis (PCA) was 316 

performed on the other FFR variables (air CO2, FCO2, RSAM) and earthquakes to simplify and 317 

summarize the relationships among the multivariate set of data. We used the function prcomp of the 318 

package stats of the R software (R Core Team, 2018), which performs PCA via a singular value 319 

decomposition of the centered and scaled data matrix. This technique derives a new set of 320 

uncorrelated variables (Principal Components, PC) using a linear combination of the original 321 

variables, and ranks them in terms of their overall control on the variance. PCA is therefore used to 322 

reduce the dimensionality of the data set, by choosing only those PCs that explain most of the 323 

variance in the data. In practice, the PCA applied to the 4-variables matrix returns 4 PC, which 324 

retain different proportions of the total variance: PC1 the 93.6%, PC2 the 3.9%, PC3 the 1.8%, and 325 

PC4 the 0.7% (Table 1). The scores of these new variables are calculated multiplying the matrix of 326 

the scaled original variables by the eigenvector matrix in Table 1 (namely, the eigenvectors of the 327 

correlation matrix of the original data set). These results indicate that nearly the total (temporal) 328 

variability of the data (~94%) is explained by PC1 only, which is defined by an almost identical 329 

contribution of air CO2, RSAM, FCO2, and Earthquakes variables (see the coefficients of the first 330 

eigenvector in Table 1).  331 

This suggests that a single driving mechanism controls the variations of hydrothermal fluid flux and 332 

earthquakes (Fig. 6), and as such summarizes well the temporal evolution of the hydrothermal part 333 

of the CFc unrest. It is worth to note that PC1 is very well correlated with the Ptot and temperature, 334 

estimated using the vapour-liquid coexistence model (Fig. 6). This supports our hypothesis that 335 

increasing fluid pressure and temperature in the hydrothermal system is a causal factor in triggering 336 

the CFc seismicity, and is the driver for the observed escalation in hydrothermal fluid release at the 337 

surface.  338 

In contrast, the no-condensation model outputs unrealistic results, as post-2015 estimated pressures 339 

are unacceptably low (< atmospheric pressure, 1 bar) and decrease over the same temporal interval 340 
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during which earthquake occurrence rate and surface hydrothermal fluid fluxes are both visibly 341 

increasing. This mismatch indicates that the assumption that fumarolic water concentrations are 342 

currently fully representative of the deep, equilibrium compositions (Moretti et al., 2017) is 343 

inconsistent with the observations.  344 

 345 

3.5. The conceptual model of the hydrothermal system and ‘hydrothermal’ seismicity  346 

The conceptual model based on the vapour-liquid coexistence assumption is sketched in Fig. 7a 347 

over a 2-D resistivity model of Solfatara, derived by AMT (AudioMagnetoTelluric) measurements 348 

(Siniscalchi et al., 2019). The section is dominated by a ~2 km long vertically elongated resistivity 349 

structure in axis with Solfatara. This is the core of the hydrothermal system feeding the Solfatara-350 

Pisciarelli hydrothermal sites. It is interpreted as a permeable zone that favours gas ascent from the 351 

hottest and deepest portions of the system. Hot, methane-free magmatic fluids enter the base (> 2 352 

km depth) of the system, mix with and vaporize meteoric liquids, and ultimately create the 353 

condition for CH4 formation at temperatures > 360°C (Caliro et al., 2007). From that zone, a gas 354 

plume rises up to 0.3-0.7 km where the resistive structure is interrupted by conductive layers (green, 355 

cyan and blue colours) that reflect both hydrothermal altered zones and a liquid phase-dominated 356 

environment (Siniscalchi et al., 2019). It is worth to note that, assuming a hydrostatic control on 357 

fluid pressure, the inferred equilibration pressures of the vapour-liquid coexistence model (from 30 358 

to 80 bar, considering both the DP and CV redox buffers, see section 3.1.2) correspond to gas 359 

equilibration depths of 0.3-0.8 km, that coincide with the top of the resistive structure (Fig. 7). Here, 360 

at the interface with the overlying clayed altered zones, the gas phase is expected to accumulate and 361 

to reside for a sufficient time to allow the gas phase to re-equilibrate at the local T-P conditions. 362 

From that zone, the gas moves toward the surface trough fractures, shallow gas pockets and liquid 363 

bodies whose existence and complex geometry has been highlighted by detailed geo-electric 364 

surveys (Byrdina et al., 2014; Gresse et al., 2017; Gresse et al., 2018).  365 
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According to (Chiodini et al., 2016), an escalating magmatic fluid inflow at the base of the 366 

hydrothermal system causes its heating and pressurization, and in turn the increase of the CO2 367 

emission at the surface and seismicity (Fig. 6). A dense earthquake cluster is observed at 0.5-1 km 368 

depth (Fig. 7b and c), and since this interval nicely corresponds to the gas equilibration depths 369 

inferred above (0.3-0.8 m) is here interpreted as the head of the gas front feeding the hydrothermal 370 

system. Thus, our inferred Ptot increase refers to such topmost portion of this seismogenetic vertical 371 

gas plume. It is also noteworthy the existence of a second, deeper (>2 km) seismicity cluster that 372 

corresponds to the source area irradiating the highest magnitude earthquakes (Fig. 7b): this structure 373 

has been interpreted as the root of the gas plume, in which larger events are likely caused by pulsed 374 

magmatic fluid injections (e.g., Giudicepietro et al., 2020). 375 

Ultimately, the close spatial correspondence between the main seismogenetic volume (0.5-1 km) 376 

and the gas equilibration zone (0.3-0.8 km) supports the idea that, similarly to the seismicity 377 

induced by anthropogenic fluid injection, the generalised pressurization and heating of the CFc gas 378 

dominated-hydrothermal system act as the main seismicity trigger (Fig. 7b and c). 379 

 380 

3.6. A mass balance of the steam associated with the CO2 emission and hydrothermal 381 

seismicity  382 

The observed escalation in surface gas release at Solfatara and Pisciarelli is an additional evident 383 

sign for increased gas transport at depth, and of a generalised gas pressure build-up at source. Using 384 

the numerous data of the CO2 emission from the target area (FCO2, Fig. 3a) we compute that the 385 

total CO2 emissions from Solfatara DDS increased from ~ 1000 t d
-1

 in 2008-2010 up to 3000-4000 386 

t d
-1

 in 2019-2020 (Fig. 8). Considering that similar increments also affected the fumarolic vents 387 

(Tamburello et al., 2019) we can roughly estimate the current total CO2 emission from Solfatara-388 

Pisciarelli at ~ 5000 t d
-1

. This flux ranks CFc among the first 8 top volcanic CO2 emitters on Earth 389 

(Fischer et al., 2019; Werner et al., 2019). Such an unusually large gas supply implies pressure-390 

build up in the gas source area (the hydrothermal system), and must inherently be associated with a 391 
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large thermal energy release (as steam and CO2 are associated prior to condensation). We stress that 392 

since gas pressurization is an exothermic process, it may itself be causing heating. In addition, the 393 

pressurization of a steam-rich gas phase can induce its condensation, a process that at CFc 394 

hydrothermal system is described by the vapour-liquid coexistence geochemical model. 395 

Condensation can be shallow (forming the hot soils and mud pools that characterise the fumarolic 396 

fields) or relatively deep. We attempt at establishing a steam mass balance for the hydrothermal 397 

systems by dividing it into 3 components (Fig. 9a): 398 

- the original steam emission at reservoir conditions (reservoir emission in Fig. 9a); this is 399 

derived by multiplying the diffuse CO2 flux (FCO2-DDS) by the H2O/CO2 ratio in the gas 400 

equilibration zone (derived from PH2O and PCO2 estimates); 401 

- the fraction of steam condensing in the sub-surface of the DDS (DDS condensate in Fig. 9a); 402 

this computed by multiplying FCO2-DDS by the fumarolic H2O/CO2; 403 

- the fraction of steam that condense at depth (deep condensate in Fig. 9a, b and c); given by the 404 

difference reservoir emission - DDS condensate. 405 

It is worth to note that the inferred temporal evolution of the deep condensate mass match nicely 406 

that of ‘hydrothermal’ seismicity (Fig. 9b and c), i.e. of the events occurred in the volume 407 

containing the hydrothermal system (see Fig. 7b and c). In our interpretation, the deep condensate 408 

represents the fraction of the original steam/thermal energy budget that can potentially trigger 409 

earthquakes because the condensed liquid can lubricate pre-existing fractures and because 410 

hydrothermal host rocks get hotter, increase in volume by thermal dilatation, and finally fracture as 411 

they reach a failure threshold. The total thermal energy involved in deep condensation from 2004 to 412 

2020 is ~ 4×10
14

 J (computed from the latent heat of condensation), and is thus well enough to 413 

justify the observed seismicity (being 5 orders of magnitude higher than the cumulative energy of 414 

all the CFc earthquakes, ~ 1.5×10
9
 J, http://www.ov.ingv.it/ov/bollettini-mensili-415 

campania/Bollettino_Mensile_Campi_Flegrei_2020_10.pdf).  416 

 417 
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4. Conclusions 418 

We use a novel multidisciplinary approach to characterise the spatial-temporal evolution of the 419 

hydrothermal unrest currently affecting CFc. A multivariate analysis shows that different datasets, 420 

including a set of fluid flow-related variables and earthquake occurrence, share a common evolution 421 

during 2010-2020, and are fully described by a single component that explains 94% of their total 422 

variance. This component, whose values exhibit a sharp increase from 2018 onward, is well 423 

correlated with escalating pressure and temperature of the hydrothermal system inferred from 424 

geochemical modelling of fumarole composition. The P-T increase occurs in a gas-dominated zone, 425 

located at depths of < 1 km below the main hydrothermal sites, which corresponds to the main 426 

cluster of low magnitude, post 2004 earthquakes. This temporal and spatial association between 427 

hydrothermal P-T and seismicity brings compelling evidence for the role played by pressurising 428 

hydrothermal fluids in driving volcano seismicity at CFc. Our results bring evidence for the 429 

seismogenetic role played by magmatic gas injection into hydrothermal systems, and are thus of 430 

general relevance for other volcanoes in similar contexts.  431 
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 654 

 655 

Table 1. Principal Component Analysis (PCA). Results of the PCA applied to the variables FCO2, 656 

RSAM, air CO2 and earthquakes. 657 

 Eigenvectors   

Variables PC1 PC2 PC3 PC4 

FCO2 0.4993 0.3342 -0.7991 0.0215 

RSAM 0.5100 -0.0659 0.2692 -0.8143 

air CO2 0.4914 -0.7896 -0.0134 0.3672 

earthquakes 0.4992 0.5103 0.5373 0.4491 

Importance of components PC1 PC2 PC3 PC4 

Variance 3.7591 0.1430 0.0736 0.0243 

Proportion of variance 0.9398 0.0357 0.0184 0.0061 

Cumulative proportion 0.9398 0.9755 0.9939 1.0000 

 658 

 659 

 660 
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 661 

Fig. 1. Location map. a) Campi Flegrei caldera and location of the 2004-2020 earthquakes. The A’-662 

A’’ line refers to the vertical section reported in Fig. 6. b) Map of the Solfatara diffuse degassing 663 

structure (DDS) showing the locations of the target area, the monitored 63 points and the main 664 

fumaroles. The map, based on 13,158 CO2 flux measurements from 1998 to 2016 (Cardellini et al., 665 

2017), illustrates the probability that the simulated CO2 flux is greater than 50 g m
-2

 d
-1

, selected as 666 

the threshold for a pure biogenic CO2 flux. Coordinates are expressed in UTM-WGS84 667 
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 668 

Fig. 2. T-P estimates. a) Equilibrium temperatures and b) pressures estimated with two alternative 669 

geochemical models (see the text) from the 1983-2020 compositions of BG and BN fumaroles. 670 
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 671 

Fig. 3. Chronograms of the FFR variables. Annual means are reported with red symbols. 672 
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 673 

 674 

Fig. 4. air CO2 and RSAM vs CO2 flux of Pisciarelli vents. RSAM and air CO2 are reported as the 675 

mean values measured at the time of the CO2 flux campaign ± 30 days. 676 
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 677 

 678 

Fig. 5. CFc earthquakes from 2004 to October 2020. a) chronogram of depths and magnitudes; b) 679 

monthly (gray histogram) and annual (red symbols) number of earthquakes with Magnitude > 0.1 ; 680 

the 2020 annual number of earthquakes has been scaled over the entire year.  681 
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 682 

 683 

Fig. 6. Results of the PCA and Ptot. Chronograms of the z-scores of the FFR variables (air CO2, 684 

RSAM, FCO2), earthquakes occurrence, PC1, and the Ptot-temperature estimations based on the 685 

vapour-liquid coexistence model (all the variables are reported as annual means; the z-score is equal 686 

to the variable minus the mean divided for the standard deviation). The FFR variables and the 687 

Earthquakes occurrence were analysed with a PCA and PC1 is the resulting main component 688 

explaining their 94% total variance. PC1 is plotted against Ptot and temperature in the insets. 689 
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 690 

Fig. 7. Conceptual model and seismicity. a) Geochemical conceptual model of the hydrothermal 691 

system feeding the Solfatara-Pisciarelli manifestations sketched over a resistivity section (redraw 692 

from Siniscalchi et al. (2019)). b) section (A’-A’’ in Fig. 1A) showing the relations between 693 

earthquake location (distance < 0.6 km from the section) and resistivity. The dimension of the white 694 

circles is proportional to the magnitude of the events. c) 2 D density map of earthquakes in the A’-695 

A’’ section (computed as the number of events projected on cells of 100×100 m
2
). The 696 

‘hydrothermal’ box is a section of a parallelepiped of 1.2×1.2×1.5 km assumed to contain the 697 

hydrothermal system (see the text and Fig. 9). 698 
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 699 

 700 

Fig. 8. CO2 emission from diffuse degassing at Solfatara DDS during 2004-2020 The black dots 701 

refer to the emission from the target area (Fig. 1 and Fig. 3a) scaled over the entire DDS. This was 702 

possible by elaborating the data of the 30 campaigns reported in (Cardellini et al., 2017). From 703 

these data we computed the mean ratio between the DDS emission and that from the target area 704 

(4.7±1.1), that is used as correction factor (error bars refer to the standard deviation of the 705 

correction factor)  706 
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 707 

 708 

 709 

Fig. 9. Deep condensation rate and hydrothermal earthquakes occurrence. a) results of the steam 710 

mass balance involved in the degassing process (see the text); b) Deep condensate rate vs the 711 

monthly number of ‘hydrothermal’ earthquakes (grey histogram); c) normalized ‘hydrothermal’ 712 

earthquakes occurrence and normalized mean of deep condensate rate (six month values). See Fig. 7 713 

for the definition of ‘hydrothermal’ earthquakes. 714 
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 717 

 718 

 719 

Supplementary Fig. S1. Map of the mean CO2 flux of the target area. The map was produced by 720 

using the mean of the CO2 fluxes measured in the 149 campaigns. In the figure is reported also the 721 

experimental variogram of the normal score of the CO2 flux and the corresponding variogram 722 

model.  723 

 724 

Supplementary Data File S1. Data sets: Bocca Nuova (BG) and Bocca Grande (BN) fumaroles 725 

composition; soil CO2 flux measurements at 63 locations in the Solfatara target area; total CO2 726 

output target area (FCO2); Total CO2 output form Solfatara DDS; CO2 flux from Pisciarelli Vent; 727 

RSAM at CPIS station; Air CO2 concentration at Pisciarelli; 2004-2020 earthquakes. 728 

 729 

 730 


